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During animal development, how
do epithelial cells coordinate
shape changes, movements, and
junctional rearrangements so that
tissue integrity is maintained
during developmental events such
as gastrulation and organ
morphogenesis? The mechanisms
of this coordination are poorly
understood, but it is known that
they involve adherens junctions,
the strong but flexible intercellular
junctions that attach epithelial
cells to one another. 
As reported in a recent issue
of Current Biology, Ribeiro et al.
[1] have used four-dimensional
confocal microscopy and a
genetic marking technique to
visualize and manipulate
individual Drosophila cells as
they undergo intercalation and
‘zip up’ their adherens junctions
to rearrange themselves from
multicellular to unicellular tubes
(Figure 1) [1]. These junctional
acrobatics occur during the
development of the Drosophila
tracheal system, the gas
exchange organ in insects.
Although the tracheal system
begins as multicellular tubes, or
branches, Ribeiro et al. [1] show
that by the end of
embryogenesis there has been a
dramatic restructuring that
converts most of the branches
into unicellular tubes with
autocellular instead of
intercellular junctions.
To investigate the dynamics of
these rearrangements, Ribeiro et
al. [1] visualized the
morphogenesis of adherens
junctions in live animals. Using a
variation of the elegant genetic
‘flip-out’ technique developed by
Basler and Struhl [2], the authors
generated single tracheal cells
expressing a fusion protein of the
adherens junction marker Dα-
catenin and the green fluorescent
protein (GFP), and were able to
visualize the exact details of the
cell shape changes and the
junctional rearrangements of this
special intercalation. 
Ribeiro et al. [1] observed that,
in the first step of a four-step
process, two tracheal cells pair up
so that they share intercellular
adherens junctions and together
their apical surfaces form the
tube’s lumen. One of the pair then
bends its apical surface and
appears to reach around to the
other side of the lumen and form
the beginning of an autocellular
adherens junction (Figure 1B).
Having established an autocellular
junction, the two cells then
elongate and the autocellular
adherens junction lengthens to
‘zip up’ the tube. Finally, the
elongation terminates, leaving two
end-to-end unicellular tubes with
autocellular adherens junctions
which are joined at their ends by
small regions of intercellular
junctions.
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Tubulogenesis: Zipping up Your
Fly
In animals, rearrangements of the junctions between cells are
fundamental to morphogenesis. Recent work has revealed the
acrobatics that Drosophila tracheal cells perform as they intercalate to
form unicellular tubes.
Figure 1. Tracheal cells intercalate and rearrange junctions to form unicellular
branches. 
During Drosophila tracheal development, most branches undergo a transition from
multicellular (A) to unicellular (C) tubes by intercalation and rearrangement of
adherens junctions (B, red in the schematic at the top, green in confocal images of
single cells expressing a junctional GFP marker). (B) The process involves one of a
pair of cells wrapping its lumenal surface around the other and ‘zipping up’ to form an
autocellular adherens junction. (See text for details.)
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Correct termination of this
remarkable rearrangement is vital,
as previously demonstrated by
work from Affolter’s group [3] on
two zona pellucida domain
extracellular matrix proteins,
Piopio and Dumpy. They found
that, in piopio and dumpy mutant
flies, the ‘zipping up’ process
appears to continue for too long,
so that a cell zips up completely
and disengages from a
neighboring cell. Because
unicellular tubes are found
throughout the tracheal system,
dumpy and piopio mutant trachea
are largely reduced to a series of
hollow cysts. Live imaging studies
showed that autocellular junction
formation was correctly initiated
and zippering appeared normal,
which led Jazwinska et al. [3] to
propose that Piopio and Dumpy
are required to correctly terminate
the zipping process. 
An alternative possibility is that
Piopio and Dumpy are required to
maintain adhesion between
adjacent cells once they are in an
end-to-end configuration, and that
the primary defect in these
mutants is that the apparent
uncontrolled zipping is actually a
sensible attempt to maintain the
integrity of the lumen by closing
off an open end. 
Both possibilities point to very
interesting cell biological roles for
these zona pellucida domain
proteins, particularly as Piopio
and Dumpy are found in the apical
extracellular matrix, whereas the
junctional rearrangements or the
adhesions between cells would be
expected to occur on the lateral
surfaces of the cells where the
adherens junctions are located.
Whether Piopio and Dumpy are
acting in the apical extracellular
matrix or as apico-lateral cell–cell
adhesion molecules, the
mechanisms appear to involve
uncharacterized roles of zona
pellucida proteins.
The decision about whether or
not to create autocellular adherens
junctions turns out to depend on
the zinc-finger transcription factor
Spalt [1]. Spalt activity is required
for the formation of the large,
multicellular dorsal trunk of the
Drosophila tracheal system [4,5],
where it apparently represses
autocellular adherens junction
formation [1]. Surprisingly, Spalt
does not act autonomously, as
Riberio et al. [1] observed that
tracheal cells ectopically
expressing Spalt still form
autocellular adherens junctions.
This suggests that the
rearrangement of adherens
junctions is regulated by
neighboring cells that do not
undergo this process, and implies
a previously unsuspected role for
cell–cell communication in the
intercalation.
The importance of Spalt is also
underscored by data suggesting
that Spalt is the linchpin that
mediates antagonistic roles of
Dpp and Wnt signaling during
formation of a unicellular tube
called the dorsal branch [1]. Dpp
downregulates Spalt in dorsal
branches to allow intercalation
and extension [6]. In the absence
of Dpp, Wnt signaling prevents
autocellular junction formation by
upregulating Spalt [7]. While one
might have expected that
interfering with two major
signaling pathways during branch
development would cause an
uninterpretable mess, Ribeiro
et al. [1] found that dorsal
branches can form normally when
Spalt expression is largely
eliminated by simultaneously
inactivating Dpp and Wnt
signaling. 
These results suggest that the
transcriptional targets of Spalt are
candidate effectors of cell shape
changes and junctional
rearrangements. The critical next
step will be to identify Spalt
targets and determine whether
their roles are in the regulation or
execution of intercalation.
What can cell rearrangements
in the Drosophila tracheal system
teach us about rearrangements in
other organs? Although unicellular
tubes exist in vertebrate organs
such as the vascular system, it is
not known whether these tubes
arise by intercalation from
multicellular tubes or by single
cells forming lumens de novo, as
they do in in vitro cultures [8,9].
But even in the absence of a
direct parallel in vertebrate
tubulogenesis, it seems unlikely
that Drosophila uniquely evolved
a process as complicated as
autocellular junction formation.
More likely, this process is an
implementation of conserved
mechanisms of intercalation that
function in other morphogenic
events. For example, intercalation
and junctional rearrangements
occur during vertebrate and
invertebrate gastrulation, epiboly
and Drosophila hindgut and
Malpighian tubule morphogenesis
[10–14].
At the level of cell dynamics, the
difference between unicellular
tube formation and other
intercalation events may be more
topological than mechanistic.
Instead of a tracheal cell
interposing itself between two
other cells as in intercalation, the
tracheal cell is interposing itself
between itself and another cell
during unicellular tube formation.
Whether tracheal autocellular
junction formation proves to be a
direct model for tubulogenesis by
intercalation in other organisms or
a more general model for
investigating junctional
rearrangements and control of cell
shape, the simplicity, accessibility
and genetic tractability of tracheal
development make it a powerful
system for studying cell biological
problems. With a detailed
description of the morphogenic
events of unicellular tube
formation and a key regulatory
factor in hand, the stage is now
set to identify the molecules that
execute these remarkable cell
rearrangements.
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